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Abstract: The need for reducing the CO2 emissions and fossil fuel dependence of several countries
generated a growing interest for the Renewables. The Caribbean Sea is characterized by persistent
and high magnitude winds, which suggest an important source of offshore wind energy. Recent
studies reported that the Colombian Caribbean has a relevant opportunity for developing the offshore
wind technology which could complement the energy production when the hydroelectric system is
under low generation due to persistent dry conditions generated by El Niño events. The offshore
wind energy may complement the energy offer of Colombia. Hence, understanding the impact of
climate variability events in the Caribbean over the wind magnitude, contributes to the knowledge
of the resource availability for a better planning of future offshore wind farms. In this sense, this
study analyzed 39 years of Reanalysis wind data through a time series analysis of the Caribbean to
identify the lowest wind speed velocities and when and why they occurred. The results showed that
winds of the study area represented by the Caribbean Low level, showed the lowest wind speeds
in the short, mid, and long term due to the influence of the seasons, El Niño-Southern Oscillation
(ENSO) and the Atlantic Multidecadal Oscillation (AMO).
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1. Introduction

Historically, economic development has been closely correlated with higher energy
consumption and increased greenhouse gas emissions, and the renewable energy may
change this correlation in order to contribute to a sustainable development [1,2]. A wide
variety of mitigation options can be applied in the energy sector to reduce the CO2 emission
levels. Renewable energies have gained worldwide participation in energy systems, driven
by new commitments and legislations, however, several risks remain: difficult for accessing
the Renewable Energy Technologies (RET) in developing countries, higher investments and
operation cost compared to the non-renewables technologies (NRT), insufficient capacity of
port infrastructure to import the RET and elements needed for maintenance and reparation,
among others. Valentine [3] pointed out that most of the RET are decentralized, which
reduce risks related to technological malfunctions or terrorist attacks which could interrupt
the domestic energy supply. Then, RET enhances the resilience of the energy supply which
contribute to improve the quality of life index and reduces the social inequities and the
stress over the natural resources and the environment [4,5].

The concept of energy supply is linked to energy security, which considers that the
functioning of an economy requires an uninterrupted energy supply [6]. The Asia Pacific
Energy Research Centre (APERC) suggested four dimensions of energy security [7]: avail-
ability, accessibility, affordability, and acceptability, called the 4A’s concept. Availability is
related to the existence of the resource, accessibility aims to the ability for accessing into
the resources which depends on geopolitical, geographical and technological constraints.
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Affordability is related to the price and investment costs, and the acceptability is about
environmental concerns derived from the energy industry. Cherp and Jewell et al. [8]
pointed out that energy security comprises the control of critical risks and vulnerabilities
(e.g., climate change–variability) of the energy system through the identification of the risk
source and the measurement of the impact. Since renewable energy sources are climate de-
pendent, the climate change is a risk for the energy system because it affects the dynamic of
the energy potential and its availability, and the magnitude of the impact may be uncertain
in the long-term. Edenhofer et al. [9] warned that although it is not foreseeable measur-
ing the impact of climate change over the wind energy source, it is certain that climate
change will affect the development of new projects due to the worldwide redistribution of
renewable energy potential.

Wind energy has gained popularity and support compared to other RETs because
of two factors: the high availability of the resource and the maturity of the technology
in terms of cost efficiency [10]. Among the RETs, the offshore wind has gained interest
because ocean winds are stronger and more persistent compared to the continental winds
due to the absence of physical barriers such as mountains, buildings and vegetation, as
well as the available continental areas are reducing because of scarce space availability [11].

The Caribbean has a high potential for offshore wind energy, due to the persistence of
local surface winds known as trade winds [12–15]. In addition, recent studies reported a
high offshore wind energy potential for the Caribbean [12,16–19]. A proper understanding
of the climate variability of wind energy allows us to identify the local dynamic of the
wind energy potential, from daily time scale (sea-land breezes) to inter-annual and multi-
decadal time scales [20]. According with Pryor et al. [21], variations in the annual wind
energy density affect the financial viability of new wind farm developments. In this sense,
Valentine [22] warned that studies aimed to identify sites for the new offshore wind projects
considering only the wind speed as a fundamental factor are unappropriated.

The climate variability analysis in the Caribbean showed that during July and February
occurs a seasonal variability event referred as the summer and winter Caribbean low-level
jet (CLLJ), generating maximum wind speeds over the 12 m/s at 950 (hPa) equal to 761.7 m
of elevation [15]. Whyte et al. [23] found that this seasonal climate event (CLLJ) triggers
high winds which control the climate features of the early summer in the Caribbean. The
CLLJ may be considered as an important wind resource in the Caribbean, however, it has
not been delimited by its spatial coverage, nor its behavior during spring and autumn
seasons, and how the wind speed is affected during several climate scenarios. Wang
found a link between the CLLJ’s variability and the North Atlantic Subtropical High
(NASH) climate event [13]. The NASH modifies the sea level pressure (SLP) gradient
in the Caribbean forcing the CLLJ to modify the sea surface temperature (SST) and the
rain features in the Caribbean region. Additionally, the CLLJ is remotely related to the
SST anomalies in the Pacific and the Atlantic, suggesting that these SST variations affect
the NASH [13].

El Niño and the Southern Oscillation are known as ENSO and is considered a rel-
evant climate event, which modifies the distribution and magnitude of the winds over
the Caribbean [13]. Particularly in Colombia, ENSO is the primary driver of the hydrocli-
mate [24,25] and this is why some authors have suggested a complementary hydropower-
wind based energy matrix in Colombia [18,26]. The Atlantic Multidecadal Oscillation
(AMO) is an oceanic phenomenon that appears in the northern part of the Atlantic, which
increments and reduces the sea temperatures with a cycle between 20–40 years for each
phase (warm and cold); since the mid-90s the Atlantic has been in a warm phase. Wang
and Lee documented that the AMO is closely related to decadal size fluctuations of the
Atlantic Warm Pool (AWP) within the multidecadal time scale [14], while Klotzbach [27]
mentioned that AMO plays a significant role over the behavior in the Caribbean hurricane
activity affecting the wind intensities. Stephenson et al. [28] mentioned that AMO has a
positive correlation with the annual rainfall in the Caribbean, suggesting that low wind
speeds ease the generation of convective process triggering precipitations.
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Another important climatic feature is the Intertropical Convergence Zone (ITCZ),
which is defined as a narrow zonal band of atmospheric convection alongside the Equator,
generated by the convergence between the surface winds of the northern and southern
hemispheres. This convergent flow in the ITCZ produces intense convective processes
which gathers high cloudiness and rain. During the windiest season in the Caribbean
(winds about 8 and 15 m/s), the ITCZ is located in the southernmost position between
the 0◦ and 5◦ of south latitude. From August to October the ITCZ moves to the 10◦

and 12◦ of north latitude what provokes the increment of precipitation over the Colom-
bian Caribbean [29]. On seasonal and longer timescales, the ITCZ typically migrates
towards a warming hemisphere, but when El Niño occurs the ITCZ migrates to the south
hemisphere [30].

The reviewed studies evidenced the relevance of climate variability over the dynamic
of the wind source in the Caribbean. The climate patterns of offshore winds in the Colom-
bian Caribbean are influenced by large, mid and short term periods of climate events such
as the AMO, ENSO and the CLLJ respectively. Because of the growing interest in devel-
oping new offshore wind projects in the Colombian Caribbean, it is pertinent to identify
how these climate events will affect the wind resource, mainly because the planning of
new offshore wind farms considers a project lifetime of 25 years [31]. At the moment, there
is no open access information about how these climate variability events would affect the
wind resource, nor the impact for the Caribbean of negative wind trends over the electricity
generation during mid-long terms (5–10 years). Considering the need of understanding the
effect of climate variability (multidecadal, interannual and seasonal) over the wind resource
in the Colombian Caribbean, this study uses time-series, climate indexes and probability
analysis of 39 years (1980–2019) of Reanalysis monthly data to provide information of the
wind resource behavior during several climate scenarios.

2. Materials and Methods

This research established that the identification of minimum values of wind speed is
important for the planning of offshore wind projects, considering that cut-in wind speed of
wind turbines is between 3 m/s and 3.5 m/s [31,32]. In this sense, the climate variability
events reduce the wind speed in the Colombian Caribbean during several time periods,
hence it is important to estimate how minimum would be the wind speed and how much
time this decrement would persist. The applied methodology in this study is structured in
three stages, and aims to identify the effect of the main climate variability events over the
wind speed, considering the decrease of wind speed as a negative effect.

In the first stage (Data Management) are described the study area, the wind datasets
and the climate indices. In the stage 2, is performed a time series analysis for detecting
multiannual trends considering Pearson correlations for verifying association between the
lowest wind speeds and the climatic indices. Also, is carried out a space-time frequency
analysis of the wind speed through two cumulative distribution functions (CDF). The first
CDF considers all the dataset, and the second CDF is generated using the wind speed data
below the first quartile (q1, 25%). The second CDF shows in its q1 the lowest wind speed of
the time series, hence, this lowest value will be used as a threshold called by this research
as Peak Under Threshold (PUT); the PUT will highlight the lowest wind speed in the time
series. Finally, in stage 3 the date of occurrence of the identified PUT values are considered
for identifying which climate events occurred and how they affected the wind resource in
the long-, mid- and short-term scenarios (Figure 1).
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Figure 1. Proposed methodology for identifying the climatic scenarios from the lowest wind
speed values.

2.1. Data Management
2.1.1. Study Area and Database

The study area is the Colombian Caribbean which borders Haiti, Jamaica and the
Dominican Republic in the North, in the South with Panama and Costa Rica, and with
Nicaragua and Honduras in the West (Figure 2). To establish the principal features of wind
resources in the study area, Reanalysis data from the ERA5 database (https://www.ecmwf.
int/en/forecasts/datasets/reanalysis-datasets/era5, (accessed on 22 January 2021)) was
used. The downloaded dataset gathers monthly U-V wind data recorded at 761.7 m of
elevation (925 hPa), with 31 km of spatial resolution which covers the time period between
1980 and 2019.
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2.1.2. Climatic Indices

Previous studies reported that AMO and ENSO are the climate events that widely
affect the wind field in the Caribbean [13,23,33]. The extreme phases of ENSO events can
be quantified from different indices, one of them is the Oceanic Niño Index (ONI), which
is based on sea surface temperature anomalies of the El Niño 3.4 region in the Equatorial
Pacific Ocean. To identify a warm period (El Niño) or cold (La Niña), during 3 months must
persist a sustained anomaly above-below the 0.5 ◦C. In this sense, the used sea temperature

https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5
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to calculate the index comes from the Extended Reconstructed Sea Surface Temperature
(ERSST.v2) database from the NOAA National Climatic Data Center.

The Atlantic Multidecadal Oscillation (AMO) is an oceanic phenomenon that appears
in the northern area of the Atlantic, where ocean temperatures follow a time cycle about
20–40 years for each phase (warm and cold). Throughout this cycle, a maximum and
minimum ocean temperatures are registered, therefore since the mid-90s the Atlantic
has been in a warm phase. The AMO index is generally defined from the variability
of sea surface temperatures in the North Atlantic, where hidden linear trends in the
time-series are removed to eliminate the influence of global warming generated by the
CO2 emissions. Then, this study used the detrended time series available in the Earth
System Research Laboratory at NOAA (https://psl.noaa.gov/data/timeseries/AMO/
(accessed on 23 December 2020)). Also, the monthly SST anomaly imagery from NOAA
Environmental Visualization Laboratory (NNVL) was used to evaluate the contrast between
the Equatorial Pacific and Caribbean temperature anomalies (https://www.nnvl.noaa.gov/
view/globaldata.html#SSTA (accessed on 25 February 2021)) in the short-term scenario.

3. Results

This section comprises the space-time characterization of the wind speed and a fre-
quency analysis to detect the lowest wind speeds between 1980 and 2019.

3.1. Wind Resource Characterization

In the Caribbean the maximum wind speed (>12 m/s) at 761.7 m (950 hPa) of elevation
occurs during July and February, known as the summer and winter of the CLLJ [15], hence,
this wind value was selected as reference to analyze the monthly spatial distribution within
the climatology (1980–2019).

3.1.1. Wind Climatology

The wind climatology of the Colombian Caribbean is shown in Figure 3, where the
highest wind speeds were registered in winter (December to February) and summer (June
to August), and the lowest wind velocities occurred in autumn (September to November)
and spring (May). To delimitate the extension and spatial distribution of the CLLJ in
the Caribbean, which represent the wind field in the study area, it was plotted a contour
line with the iso-value of 12 m/s. The contour graphs evidenced that the CLLJ shows its
maximum extension during July and disappears till November (Figure 3), hence, during
these months the wind field is weakened because the ITCZ is over the Caribbean.
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The CLLJ’s core is represented by the maximum wind speeds of 17.5 m/s (red contour),
where this core during January–February is located in front of the Atlántico and Magdalena
departments nearby to the Colombian Caribbean coast (11.75◦ N, 75◦ W). The CLLJ’s
core decreases from March until May, increasing again its magnitude between June and
July and migrating toward 12.75◦ N–74◦ W in the north of the Colombian Caribbean
coast (La Guajira department). The two aforementioned time periods which showed the
increment of the CLLJ’s core, correspond with the drought season of the Caribbean, same
periods when the ITCZ is located over the Pacific. Appendini et al. [34] found a similar
behavior, which the location of the core of maximum winds of February (12◦ N, 74.5◦ W)
moved to the north in July.

Several studies contributed to the understanding about the changes of maximum
wind speed of CLLJ. Costoya et al., reported that during July and February, the CLLJ is a
regional amplification of the tropical North Atlantic easterly winds, meanwhile Cook and
Vizy wrote that a strong-weak CLLJ is associated with the decrement-increment of rainfall
over the Caribbean Sea [12,35]. The wind fields of CLLJ of this study agrees with the
research of Amador [33], where the period between September and November depicts the
lowest wind speeds of the CLLJ which ease the convective processes and triggering rainfall
along the Caribbean. In technical terms, the months with high wind speed could provide
the maximum amount of energy to the Colombian energy system, while the months with
the lowest values can be used for the wind farms’ maintenance and repair [19].

3.1.2. Linear Correlation and Trends

To generate a proper time series for the analysis was used the contour line of 12 m/s
of wind speed of July (Figure 3), to delineate the extension of the study area to be extracted
and averaged. The generated time series is depicted in (Figure 4) which revealed 3 linear
trends of the wind speed behavior between 1980–2019. The time series evaluation using the
Pearson’s correlation coefficient showed that the wind magnitude in the area of influence
of the CLLJ has a significant positive linear association with ONI (r = 0.16, pvalue < 0.01,
n = 480) and a significant negative linear association with AMO (r = −0.15, pvalue < 0.01,
n = 480). The aforementioned can be interpreted as follow: the wind speed rises during
El Niño events (positive ONI) and decreases when La Niña events occur (negative ONI).
On the other hand, the wind speed increases during the negative phase of the AMO and
decreases in its positive phase.
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The generated time series also showed three trends along the time period. From 1980
to 2000, it was observed a positive trend with annual increments of 0.012 m/s. After the
2000 to 2010 occurred two strong La Niña events (2007–2008 and 2010) reported by the
Climate Prediction Centre (CPC) of NOAA, (https://origin.cpc.ncep.noaa.gov/products/
analysis_monitoring/ensostuff/ONI_v5.php (accessed on 4 February 2021)), hence, the
negative trend of −0.19 m/s per year for this decade is an evidence of La Niña effect over
the study area. Also, a significant positive correlation was found between wind speed
and La Niña events marked by the ONI (r = 0.23, pvalue < 0.01, n = 123). In this sense,
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Zheng et al., informed that 2010 showed anomalously low wind speeds in the Caribbean,
which generated a relatively bad year for the wind energy production; this decrease of
wind speeds in the Colombian Caribbean coast during 2010–2011 was also reported by
Bastidas-Salamanca and Rueda-Bayona [16,32]. From the 2010 to 2019 a positive trend is
depicted again, with a higher slope of 0.11 m/s per year compared to the observed trend
during 1980–2000, then, strong La Niña events have a negative impact over the CLLJ wind
speed, changing the positive trend observed in the two above mentioned decades.

3.1.3. CDF Analysis

After the time series analysis of the CLLJ’s wind field in the Caribbean, the frequency
analysis of the wind speed dataset was performed. This analysis provided information to
determine the probability that a wind speed will be greater than a certain value, which
is important because the identification of thresholds helps the offshore projects planning.
The second quartile (50%) of the CDF curve (q2) showed winds higher than 11.23 m/s,
which exceeded the half of the observation time (Figure 5a). The first quartile (q1) which
limits the lowest wind speed records of CDF, reported velocities about 9.37 m/s. Then, all
the values recorded below the q1 are considered critical for the cut-in speed of the wind
farms. As a result, a new CDF curve was generated only with the wind speed records less
than 9.37 m/s, hence, the new q1 (q12) showed 6.81 m/s of wind speed (Figure 5b).
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The wind speed value of the new q1 was selected as a threshold for the time series
(1980–2019) to identify the dates with the lowest wind velocities, therefore, the values under
the second q1 were identified as the Peaks Under Threshold (PUT) gathered in Table 1. As
a result, 28 PUT’s values were found and most of them were registered in September and
October, which evidence the wind speed decrement of the CLLJ’s core because of the ITCZ.

In Table 1 are listed the lowest wind speed records identified by the PUT, and the
associated index of the most relevant climate event for the study area (ENSO, AMO). The
blue and red numbers of ONI correspond to La Niña (cold) and El Niño (warm) events,
and the AMO’s blue and red numbers represent the negative and positive phase of the
event respectively. The association of the lowest wind speed records with the ENSO
and AMO will be analyzed for the short, mid and long terms in the following Climate
Scenario section.
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Table 1. Lowest wind speeds registered between 1980–2019 retrieved from the second q1 of CDF.
Blue and red colors represent a negative and positive phase of the event respectively.

Date
(Month-Year)

Wind Speed
(m/s) ONI (ENSO) AMO

May-81 6.640 −0.300 −0.084

Oct-81 6.760 −0.100 −0.187

Nov-84 6.185 −0.900 −0.424

Oct−87 5.161 1.500 0.046

Oct-88 6.637 −1.500 −0.175

Sep−89 6.446 −0.200 −0.099

Oct-90 2.403 0.300 0.108

Oct-94 6.611 0.700 −0.067

Oct-95 6.123 −1.000 0.094

Oct-96 6.717 −0.400 −0.153

Sep-99 5.034 −1.200 0.176

Oct-99 5.221 −1.300 0.008

Nov-99 3.140 −1.50 −0.058

Oct-03 5.950 0.300 0.417

Sep-04 4.987 0.700 0.231

Oct-05 3.921 −0.300 0.228

Oct-07 3.892 −1.400 0.148

Sep-08 4.520 −0.300 0.189

Oct-08 6.346 −0.400 0.093

Sep-10 4.217 −1.600 0.440

Oct-10 4.482 −1.700 0.314

Oct-11 4.864 −1.100 0.053

Oct-12 3.817 0.200 0.32

Oct-16 4.577 −0.700 0.37

Nov-16 6.144 −0.700 0.38

Sep-17 6.112 −0.400 0.339

Nov-17 6.563 −0.900 0.341

Sep-19 6.657 0.100 0.235

4. Discussion
4.1. Climate Scenarios
4.1.1. Long-Term Scenario: AMO

The wind speed time series evidenced that the lowest wind speeds (LWS) identified by
the PUT were most frequent during the positive phase of AMO corresponding to the period
between mid-1997 to 2019, which can be seen through the values below q12 = 6.81 m/s
of Figure 6. From the 28 identified PUT values (Table 1, Figure 6), 20 LWS were found
in the positive phase and 8 in the negative phase, which corresponds to a 71% and 29%
of probability respectively. Nevertheless, in the negative AMO phase the lowest LWS
value (2.403 m/s) was recorded and the LWS values in the positive phase were around
4 m/s. In this sense, the negative AMO phase could be considered more critical for the
offshore wind farm planning because the wind speed might be below of the cut-in velocity
of 3 m/s. Chang and Oey showed that seasonal wind speed fluctuations in the Caribbean
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have increased near the 1994, when the AMO shifted from negative to positive phase [36].
The Figure 6 revealed high fluctuations of wind speed during the AMO positive phase and
the lowest values of wind magnitude during the negative phase.

If the wind resource is not temporarily constant (winds with high variability), the
fluctuations will provoke voltage variations during the electricity generation of wind farms.
Hence, frequent wind gusts and hourly variations of wind speed will affect the generated
power [37].
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4.1.2. Middle-Term Scenario: AMO + ENSO

Half of the identified LWS by the PUT occurred during La Niña events and only 3 of
them were registered during the El Niño events. Then, was necessary the analysis of the
annual cycle among the years when the ENSO events occurred. As a result, the annual
cycle showed a semi-annual variation (Figure 7), with two maxima in summer (July) and
winter (January) and two minima in the autumn (October) and spring (May). For the AMO
negative phase, two La Niña events (1985, 1989) and two El Niño events (1982, 1987) were
analyzed (Figure 7a). The comparison revealed that during La Niña, the maximum wind
speed (14–15 m/s) occurred in winter and summer, and the El Niño provoked a more
deviation of wind speeds, showing the minimum (5 m/s) and maximum (16 m/s) wind
speed values.
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For the AMO positive phase analysis were selected two La Niña events, the 2000 as
the longest and the 2010 as the strongest, similarly for the two El Niño events of 2015
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(strongest) and 2019 (longest) seen in Figure 7b. The results evidenced that La Niña of 2000
reduced the wind speed below the mean annual cycle with a low wind speed of 4 m/s
registered in September. Contrary, the El Niño event of 2015 showed the highest wind
speeds close to 17 m/s in June.

These results reflect that the annual cycle of the winds changes with the occurrence
of ENSO events combined with the AMO phases, where the positive AMO phase affects
the wind speed, with higher winds during El Niño and lower winds during La Niña.
These results agreed with the study of Ruiz-Ochoa and Bernal who showed that during El
Niño [38], in December to February and March to May, the wind speed of CLLJ’s core is
lower, meanwhile, during June to August and September to October the speed is higher.
The previous behavior of wind speed during El Niño is opposite during La Niña where the
wind speed is higher in winter and lower in summer. The aforementioned by Ruiz-Ochoa
and Bernal seems to be correct for ENSO events, but not for negative AMO, because they
used an older 1948–2006 database, and did not analyze later climate events in the positive
phase as was performed in this study [38]. Similar findings to this study were reported
by Wang who found that the correlation with ENSO depends on the season, since ENSO’s
teleconnections were different in the winter and summer [13].

4.1.3. Short-Term Scenario: AMO + ENSO + Season

The wind speed changes found during the AMO phases + ENSO events and their
association with the semi-annual variability depicted in the annual cycle (Figure 7), pointed
that the semiannual signal must be considered for the planning of future wind energy
projects. In fact, the LWS values were registered mainly in the second semester, between
the months of September and October. The association of LWS with ENSO evidenced that
when the LWS in October 2011 occurred during La Niña, the Pacific experienced lower SST
and the Caribbean was anomalously warm (Figure 8a).
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This study found that September 2010 reported a LWS on the same date reported by
Bastidas Salamanca and Figueroa Casas [39], with warm SST anomalies in the Caribbean
and cold in the tropical Pacific. Also, September 2010 and October 2011 were characterized
by low wind speeds and heavy rains due to La Niña event of 2010–2011, affecting to
Colombia with electric storms, floods, and landslides [40]. The previous climate scenario
agrees with the findings of Giannini et al. [41], who shown that the precipitation over

https://www.nnvl.noaa.gov/view/globaldata.html#SSTA
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the Caribbean Sea was strongly influenced by SST anomalies of the AWP and the eastern
tropical Pacific. Because of the location of the Caribbean along a relatively land-free tropical
strip, the interannual variability of the rainy season is influenced by the Atlantic Ocean [42].
During El Niño of October 1987 (Figure 8b), the tropical Pacific showed high SST anomalies
(warmer than usual) and the Caribbean evidenced neutral-negative anomalies of SST
(cooler than normal), what could have reduced the kinetic energy of wind fields provoking
the LWS identified in this study for the same date (Table 1, Figure 6).

Regarding to short-term wind field in the Caribbean, it was observed the changes
in magnitude and distribution of the CLLJ were the delimiter of the 12 m/s contour line
(Figure 3), and the displacement of the CLLJ’s core evidenced the time-space variability
of the wind resource, allowing to visualize how the wind resource changes and could
affect the electricity generation of the offshore wind farms. Also, this study identified two
different behaviors in the wind annual cycle: La Guajira department has its maximum
in July, while in Atlántico department the maximum occurs at the beginning of the year,
similar to the findings of Rueda-Bayona et al., [19]. During the months of LWS when the
rains predominate (May and October) the CLLJ’s wind field depicts wind speeds below
the 12 m/s with a weakened and unclear core.

Knowing the effects of short-term variability (within the year) because of the seasons,
between 3 to 5 years due to the ENSO events (mid-term), or the effect of AMO during long-
term periods (more than 10 years), allows us to understand the dynamics of the offshore
wind energy resource. As a result, considering the effects of climate variability and natural
phenomena over the wind field in the Caribbean will ease the planning and development
of sustainable new offshore projects. In this way, the analysis presented here addresses
the availability definition of the 4A’s concept, where the results of this research contribute
with information of to the availability of wind resource in several time scales. In Colombia,
there are several challenges to address the other 4A’s dimensions, for example, APERC
mentioned several issues that limit the accessibility to the renewable energy: the lack of
financial subsidization, scarce commitment to promote the use of renewables and the access
to affordable technology [7]. Also, Edsand [43] reported that the insufficient knowledge
base and political support for developing new wind energy projects in Colombia is an im-
portant barrier for the development of this renewable. Also, the implementation of offshore
wind projects in Colombia will require important changes within the administrative and
legal framework because actual normative and procedures are guided to traditional energy
technologies (hydro, solar, onshore wind) (Rueda-Bayona et al., 2019b).

Sustainable wind energy projects consider a stable energy supply throughout the year
guaranteeing a regular conversion efficiency [12], hence, understanding the relative off-
shore wind power prospects and contingencies, is especially important in the forthcoming
years to propitiate investments decisions in the wind sector [44]. Then, relevant parameters
to consider for closing the gap of unprofitability are the decommissioning costs, the load
factor and costs of operation and maintenance [45].

The evaluation of the wind speed time series (1980–2019) in this research, reported a
negative trend of wind speed in the first decade of the year 2000, a period that was marked
by two La Niña events (2007–2008 and 2010). In the time series were identified 28 LWS
records, most of them occurred in September and October, which matches approximately
when the AMO turned from cold to warm phase. Also, half of the LWS values occurred
during La Niña events and only 3 of them occurred during El Niño events.

5. Conclusions

The availability of the wind resource is a topic of interest for the energy security, then,
identifying the effect of short, mid, and long climate variability events over the wind speed
is important for the electricity generation. The Caribbean Sea depicted high potential for the
offshore wind power development due to high persistence and magnitude of wind speeds.
In the short term, the presence of CLLJ in the winter and summer seasons comprises high
wind speed about 12 m/s, however, the CLLJ is affected by longer climate events such as
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the AMO and ENSO events. The 12 m/s contour line delimited the presence of the CLLJ
over the Caribbean Sea, which shows its maximum extension in July (followed by June,
January and February). The 12 m/s contour line disappears in May, September, October
and November which shows the absence of CLLJ in the study area, hence, during these
months the winds exhibit low wind speed values because of the effect of the ITCZ. In this
sense, this study lists the most important features of the effect of the climate variability
events over the wind speeds in the Caribbean Sea:

• Long-term scenario (AMO), showed that from the identified 28 LWS values along the
time series (1980–2019), 20 (71%) were found during AMO positive and 8 (29%) in
AMO negative. The lowest LWS (2.403 m/s) occurred during positive AMO. The wind
speed increases in the negative phase of the AMO and decrease in its positive phase.
The largest fluctuations in the wind magnitude were found during the positive phase,
but the lowest values were recorded during the negative phase.

• Middle-term scenario (AMO + ENSO): the second lowest LWS (3.140 m/s) retrieved
from the time series occurred during a positive AMO combined with La Niña event
(nov-99). A significant positive correlation was found between wind speed and La
Niña events during the AMO positive phase.

• Short-term scenario (AMO + ENSO + season): the positive anomalies of SST in the
Caribbean, and low SST in the tropical Pacific due to La Niña (2011) reduced the wind
speed of the CLLJ.

• The climatology of the Caribbean winds showed a semi-annual variation, with two
maxima in the summer (JJA) and winter (DJF) and two minima in the autumn (SON)
and spring (May).

The climate variability analysis of the wind speed in the Caribbean showed that short-,
mid- and long-term events generate the lowest wind speed in the study area, and the time
series analysis showed that recurrent La Niña events were associated with a negative trend
seen during the 2001–2010 years. Hence, this study contributed novel information about
the effects of climate events over the wind resource, where the local winds represented
by the CLLJ decreased due to the effect of AMO and ENSO events. Finally, the results
of spatial and temporal variability of the wind resource shown in this research, may be
considered for planning future offshore wind projects, considering the impact of the AMO,
ENSO and season over the wind speed behavior.
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